We examine updated prospects for detecting WIMPs in supersymmetric models via direct and indirect dark matter search experiments. We examine several historical and also still viable scenarios: projections for well-tempered neutralinos (WTN), projections from the MasterCode (MC) collaboration, projections from the BayesFits (BF) collaboration, non-thermal wino dark matter (NThW) and finally mixed axion-higgsino dark matter from SUSY with radiatively-driven naturalness (RNS). The WTN is ruled out by recent limits from XENON and LUX collaborations. The NThW scenario, previously on tenuous ground due to gamma-line searches, appears also ruled out by recent combined Fermi-LAT/MAGIC limits combined with new HESS results from continuum gamma rays. Substantial portions of MC parameter space and 1 TeV higgsino parameter space from BF group are ruled out. The 100-300 GeV higgsino-like WIMP from RNS survives due to its possible depleted local abundance (where the axion may make up the bulk of dark matter). Projections from ton-scale noble liquid detectors should discover or rule out WIMPs from the remaining parameter space of these surviving models. *
Introduction
Supersymmetric models of particle physics have long generated excitement due to their ability to tame the naturalness or hierarchy problem associated with quadratic divergences in the Higgs mass [1, 2] . These models actually receive indirect support from experiment in that 1. the measured values of the gauge couplings from LEP unify to a common value at m GUT 2 × 10
16
GeV under Minimal Supersymmetric Standard Model (MSSM) renormalization group (RG) evolution [3] , 2. the measured value of the top quark mass is in the right range to trigger a radiative breakdown of electroweak symmetry [4] and 3. the measured value of the Higgs boson mass [5] falls squarely within the narrow allowed window required by the MSSM, namely m h 135 GeV [6] . In addition, the lightest SUSY particle (LSP) is expected to be absolutely stable under conservation of R-parity which is highly motivated both by theoretical unification issues and also by the need to stabilize the proton. In this case, then the LSP -assumed here to be the lightest neutralino of SUSY, χ 1 -presents an excellent candidate for cold dark matter. Simple calculations of its relic abundance indicate about the right level of thermal dark matter production in the early universe to gain accord with measured values -a situation known as the WIMP miracle.
Thus, WIMPs (weakly interacting massive particles) from supersymmetric models have long been an important target for dark matter hunters [7] . However, lately this long-dominant paradigm appears to be under considerable siege due to:
• lack of SUSY signals at the CERN Large Hadron Collider (LHC) [8] and
• the rather high value of m h 125 GeV requires TeV-scale highly mixed top squarks, a situation in conflict with some early evaluations of SUSY electroweak naturalness [9, 10] and
• the lack of any (definitive, verifiable) WIMP signal in either direct or indirect dark matter detection experiments [11] .
Given the above conflicting currents, it is incumbent upon theorists to take occasional stock of the theory vs. experiment situation with regard to which theoretical models are excluded by data, which (if any) are allowed, how plausible the surviving models are, and what remains to be done to verify or exclude the surviving models. In this paper we present such an evaluation. We focus our attention on several recent evaluations of SUSY model parameter space with regard to direct and indirect dark matter detection. These include:
• projections from the 19 free weak scale parameter phenomenological MSSM or pMSSM [18] .
The first four of these models generally assume the (thermally and non-thermally produced) relic abundance of SUSY WIMPs saturates the measured dark matter abundance. The fifth model requires naturalness in both the electroweak and QCD sectors of the theory and thus includes two dark matter particles: a higgsino-like WIMP required by electroweak naturalness and an axion which is required in QCD for a natural solution to the strong CP problem. The pMSSM evaluations require the thermally-produced WIMP abundance to lie at or below the measured value Ω TP χ 1 h 2 ≤ 0.12. The above SUSY models are confronted by updated experimental exclusion plots. These include:
• updated spin-independent (SI) scattering limits from 447 days of XENON100 [19] , PandaX [20] and 332 lives days of exposure from the LUX experiment [21] ,
• improved spin-dependent (SD) scattering limits on dark matter annihilations in the Sun from IceCube [22] ,
• new combined indirect detection (IDD) limits from Fermi-LAT and MAGIC collaborations on gamma rays arising from WIMP annihilations into W + W − states in dwarf spheroidal galaxies [23] and
• search for WIMP annihilations in the galactic center via ten years of data from the HESS collaboration [24] .
Along with the above excluded regions, it is worthwhile to confront the theoretical expectations against projections from future direct and indirect detection searches. The wide variety of new and upgraded WIMP search experiments are aiming towards ever greater sensitivity which promises to either discover SUSY or other WIMP dark matter or else exclude many compelling models.
In accord with our goal of an updated assessment of theory vs. experiment on SUSY WIMP dark matter, in Sec. 2 we review some of the major features of the above listed SUSY WIMP models. In Sec. 3, we compare current limits for SI direct dark matter detection against projections from the various models. The case of SD WIMP detection is shown in Sec. 4. In Sec. 5, we show results from IDD of WIMPs from searches for excesses in continuum gamma ray spectra emanating from galactic WIMP-WIMP annihilation. One useful feature of our results is that projections from the various models can be compared on a single plot. Furthermore, each model is projected onto each different search plot so that the strengths of different search techniques can be compared. In Sec. 6 we present a summary and conclusions.
2 Some recent models for SUSY WIMP dark matter
Well-tempered neutralinos:
The well-tempered neutralino (WTN) is a neutralino where the relative bino-, wino-and higgsino-components are adjusted to just the right values such that the calculated thermallyproduced (TP) neutralino abundance Ω Hu was rather insensitive to the GUT scale value of m 0 . By dialing m 0 to its maximal value, m 2 Hu becomes somewhat de-focused, but the parameter values do reach the hyperbolic branch. Since the value of µ is dialed/tuned to gain the correct value of m Z , then µ is found to be small in this HB/FP region just left of the region where EW symmetry does not break [28, 29] .
In the HB/FP region, m 0 can be adjusted to its nearly maximal value allowed by REWSB such that µ becomes small and the neutralino becomes well-tempered: of mixed bino-higgsino variety such that Ω
Since the WTN has substantial gaugino and higgsino components, it tends to have a large SI direct detection rate since the χ 1 − χ 1 − h coupling depends on a product of gaugino times higgsino components. Also, indirect detection rates tend to be large [30, 31] since the higgsino-like χ 1 has a large thermally averaged self-annihilation cross section times velocity σv into vector boson pairs. Since the HB/FP tends to occur in the CMSSM for low values of A 0 , then it tends to produce too low a value of m h . If A 0 is increased, then the downward m 2 Hu RG running is enhanced and it tends to run to large instead of small negative values. This must be compensated for by realizing the HB/FP region at much higher m 0 values ∼ 10 − 30 TeV [32] depending on m 1/2 , and upon which code is used to calculate m h . A large variety of SUSY models with universal or non-universal soft terms give rise to WTNs [33, 34] .
Mastercode collaboration:
The MasterCode (MC) collaboration [13] has assembled a variety of computer codes-Soft-SUSY/SSARD for spectra, FeynHiggs, MicroMegas, SUFla and SuperIso-with a goal to calculate a long array of observables in supersymmetric models from which they calculate a χ 2 value
1 . The MultiNest code is used to scan around the parameter space. Supersymmetric models scanned over include CMSSM, NUHM1, NUHM2 and pMSSM10. The best fit regions [35] tend to be dominated by the requirements 1. to get Ω TP χ 1 h 2 near its measured value, 2. to obtain m h within its measured range and 3. to obtain a µ as close as possible to its measured value. Requirement #1 selects out special regions of parameter space needed to obtain the measured dark matter relic density: stau, stop or electroweakino co-annihilation, well-tempered (mixed bino-higgsino) regions and A/H or h/Z resonance annihilation. The pull from a µ is towards lighter spectra which include light smuons and mu-sneutrinos: this means low values of m 0 and m 1/2 in CMSSM parameter space. The rather large value of m h pulls towards non-zero A 0 terms and higher m 0 and m 1/2 values.
had and Atlas/CMS sparticle mass bounds.
BayesFits collaboration:
The BayesFits group [14] has assembled a calculational scheme similar to the MC Collaboration, making use of SoftSUSY interfaced to FeynHiggs, Micromegas and SuperISO to also examine a wide array of observables expected from supersymmetric models. Key observables include: the Higgs mass m h , the thermally-produced neutralino relic density Ω TP χ 1 h 2 and various B decay branching ratios while respecting LHC and SI direct detection bounds. A key difference is that BayesFits group calculates a Bayesian prior probability density to evaluate favorable regions of model parameter space. They focus on results especially from the CMSSM model but also from NUHM1.
The BF group finds recently that the stau co-annihilation region is only weakly favored at 2σ level. More highly favored is the A/H resonance annihilation region which tends to occur at large tan β in the CMSSM where m A ∼ 2m χ 1 and the A/H decay width is enhanced by the large b and τ Yukawa couplings. While the BF stau-coannihilation region should be accessible to LHC14 searches with up to 300 fb 
Non-thermal winos:
The possibility of wino dark matter became exciting with the advent of SUSY breaking models based on anomaly-mediation [36] (AMSB) where a hierarchy of M 2 < M 1 < M 3 ∼ µ is expected. The wino-like WIMP χ 1 is close in mass to its charged wino counterparts W ± 1 so that both annihilation and co-annihilation combine to produce a predicted thermal wino abundance that is typically a few orders of magnitude below measured values. Soon after the advent of AMSB models, Moroi and Randall [37] proposed non -thermal production of wino dark matter via weak scale moduli field decay in the early universe. Such non-thermal processes could bolster the thermally produced wino abundance and bring it into accord with measured values. In addition, it has been proposed that the relic wino abundance could be enhanced by [38] 2. gravitino production and decay or 3. axino/saxion production and decay. In the latter case, the wino abundance would be accompanied by an axion abundance so both WIMPs and axions would be present [39] . In that case, the winos need not saturate the entire relic abundance.
Relic wino-like WIMPs should annihilate at large rates one-with-another so as to produce large indirect detection signals. In the case where winos do saturate the measured relic abundance, then they are subject to strong constraints arising from measured rates for both line and continuum gamma ray production from the galactic center and from nearby dwarf galaxies. In fact, there are recent claims that such constraints rule out the possibility of wino-like WIMPs [40, 41] .
Higgsino-like WIMPs from radiatively-driven natural SUSY:
Currently the LHC13 with ∼ 20 fb −1 of integrated luminosity excludes mg 1.9 TeV within the framework of various simplified models [42] . This is to be compared with early estimates of upper bounds on sparticle masses from naturalness [9] which claim mg 350 GeV for finetuning parameter ∆ BG < 30. The validity of these upper bounds has been challenged in that they were derived within the context of multi-parameter effective theories whereas in more fundamental theories the soft terms are related [43] (e.g. in gravity-mediation, the soft terms are all calculable as multiples of m 3/2 and thus not independent of each other) [44] .
In addition, LHC13 requires mt 1 850 GeV [45] whilst some claims for naturalness required three third generation squarks lighter than 500 GeV [10] . The 500 GeV upper bounds have been challenged in that various dependent contributions to the RGEs have been simplified to zero whereas upon inclusion, these terms lead to radiatively-driven naturalness: for large enough high scale values of up-Higgs soft term, then m at the weak scale [46] .
A more model-independent measure of naturalness ∆ EW has been advocated in Ref. [47, 48] : SUSY is electroweak natural if there are no large cancellations on the right-hand-side of the weak scale scalar potential minimization condition:
Here, m • |µ| ∼ 100 − 300 GeV [10, 15, 25, 49, 50] (where µ 100 GeV is required to accommodate LEP2 limits from chargino pair production searches).
• m
2
Hu is driven radiatively to small, and not large, negative values at the weak scale [47, 48] .
• The top squark contributions to the radiative corrections Σ u u (t 1,2 ) are minimized for TeVscale highly mixed top squarks [47] . This latter condition also lifts the Higgs mass to m h ∼ 125 GeV. For ∆ EW 30, the lighter top squarks are bounded by mt 1 3 TeV.
• The gluino mass which feeds into the Σ u u (t 1,2 ) via RG contributions to the stop masses is required to be mg 4 TeV, possibly beyond the reach of LHC.
SUSY models with these properties have been dubbed radiatively-driven natural SUSY (RNS) and enjoy low values of ∆ EW ∼ 10 − 30. In contrast, the presence of a high value of fine-tuning generally indicates some pathology or missing element within a physical theory.
In RNS SUSY, the LSP is a mainly higgsino-like LSP with mass m χ 1 300 GeV (the closer to m Z the better) but with a non-negligible gaugino contribution. They are thermally underproduced. Requiring naturalness also in the QCD sector, a Peccei-Quinn sector is included so the dark matter consists of an axion-WIMP admixture (two dark matter particles). WIMPs can be produced both thermally and non-thermally via axino, saxion and gravitino production and decay in the early universe [52] while axions can be produced via coherent oscillations (production mechanism for the axion dark matter), thermally or via saxion decay (in which case they contribute to dark radiation). The SUSY DFSZ axion has some preference over KSVZ in that it allows for a solution of the SUSY µ problem [53] and can radiatively generate a Little Hierarchy µ m 3/2 [54] . The complete relic density calculation requires simultaneous solution of eight coupled Boltzmann equations [52] . WIMP direct detection rates must all be scaled down [55] by a factor ξ ≡ Ω χ 1 h 2 /0.12 due to the fact that the WIMPs comprise only a portion of the local dark matter abundance-the remainder being composed of axions. Indirect detection rates are further suppressed since they must be re-scaled by a factor ξ 2 .
pMSSM
We will also compare these predictions, at least in the case of SI DD, with projections from the 19 free weak scale parameter phenomenological MSSM [18] . In this model, the authors advocate predictions which are unprejudiced by renormalization group running from some higher mass scale. The scans over parameter space typically range up to weak scale soft terms of 4 TeV and are subject to a variety of constraints including LHC sparticle search limits and that Ω TP χ 1 h 2 ≤ 0.12. For general projections from a three parameter model involving just electroweakinos, see Ref. [56] .
Spin-independent direct detection
We first examine a grand overview of prospects for spin-independent SUSY WIMP direct detection. In this case, the neutralino-nucleon scattering cross section is dominated by Higgs and squark exchange diagrams. Since squark mass limits are now rather high from LHC searches, the Higgs exchange h diagram usually dominates the scattering amplitude. The results are presented in Fig. 1 in the ξσ SI (χ, p) vs. m χ plane. We leave the factor ξ in the y-axis to account for a possible depleted local abundance of WIMPs. For all models except RNS and pMSSM, it is assumed ξ = 1.
The lower brown shaded region denotes the solar neutrino floor: within this region, WIMP signals would have to contend with a formidable νp scattering background. In the upper-left, we also show the locus of two anomalous signal regions: from DAMA/LIBRA and from CDMS-Si. These regions naively appear in conflict with recent limits from XENON and LUX experiments. For experimental limits, we show the new XENON100 447 live day bound [19] (black solid), and the recent LUX2016 bound [21] (which barely supercedes recent PandaX limits [20] ). In the upper-left, the recent Pico-2L bound is shown [57] . The dashed lines all show projected future reaches of: XENON1T [58] , LZ (with 1 keV cutoff) [59] , XENONnT [58] , DarkSide-20K [60] DEAP-50T [61] and DARWIN noble liquid experiments [62] . These latter projections approach to within an order of magnitude of the solar neutrino floor.
For theory models, the maroon shaded region shows the expected rates for WTNs. Here we assume a degeneracy between bino and higgsino of about 10%. These cross sections form a wellknown asymptote at σ SI ∼ 10 −44 cm 2 [33] . As can be seen, this entire class of models has been ruled out by recent XENON100, PandaX and LUX searches. The gray shaded region shows the expected SI-direct detection rates derived by the MC collaboration while the blue shaded regions show expectations from the BayesFits group. These projections overlap since we present both groups expectations for the case of the CMSSM model. The lower-left blue/gray bulge denotes the stau co-annihilation region for m χ 1 ∼ 300 − 600 GeV. It should be accessible to LHC14 searches with 300-3000 fb −1 and can also be probed by LZ, XENONnT and DarkSide-20K although perhaps not by XENON1T. The lower blue/gray bulge with m χ 1 ∼ 500 − 1000 GeV corresponds to the χ 1 χ 1 → A/H resonance annihilation region. This also should be accessible to LZ and DarkSide-20K but perhaps not to XENON1T. The upper blue/gray region with m χ 1 ∼ 500 − 1500 GeV corresponds to the remnant HB/FP region with a TeV-scale higgsinolike LSP. The LUX collaboration has excluded about half this parameter space while LZ, XENONnT, DarkSide-20K and DEAP-50T should cover the remainder.
The yellow band shows the locus of predictions for non-thermal wino dark matter [38] . A large chunk of parameter space has been ruled out by LUX. Since the neutralino-Higgs coupling is proportional to
(where v 
4 are wino and bino components of χ 1 in the notation of Eq. 8.117 of Ref. [63] and α is the scalar Higgs mixing angle) we see the coupling is a product of higgsino times gaugino components. When the χ 1 becomes nearly pure wino (e.g. for light winos but heavy scalars and large µ), then the scattering strength becomes very small and the wino LSP region drops all the way to the neutrino floor. For a mixed wino-higgsino LSP, then the SI scattering rate is higher, and tends to be excluded.
The remaining model is RNS with a mainly higgsino-like LSP that constitutes only a fraction of the relic density. The model prediction from the two-extra-parameter non-universal Higgs model (NUHM2) with ∆ EW < 15 is shown by orange with m χ 1 ∼ 100 − 200 GeV. This region has only begun to be probed by recent LUX results but should be fully explored by XENON1T, by LZ and by DarkSide-20K. The upper boundary of the region is determined by the LHC limit on gluino mass: mg 1.9 TeV. The slightly more fine-tuned region with ∆ EW < 30 is shown in green. Assuming Ω
, parts of this region may lie below XENON1T reach but should be accessible to XENONnT, LZ, DarkSide-20K and other ton-scale noble liquid detectors. In this region, a small fraction of dark matter (∼ 10%) is comprised of higgsino-like neutralinos. In the Peccei-Quinn augmented SUSY scenario, non-thermal neutralino production from axino decays will augment neutralino abundance [17] hence the whole region might become accessible to XENON1T.
Finally, we also show the range of predictions in ξσ SI (χ 1 , p) vs. m χ 1 space of the pMSSM analysis [18] . We see the lower range starts around m χ 1 ∼ 100 GeV (a further small region exists around m χ 1 ∼ m Z /2 − m h /2 where bino resonance annihilation may occur) and encompasses all the theoretical model predictions, with m χ 1 ranging up to about 1.5 TeV. The latter limit is an artifact of the upper limits chosen for the scan over pMSSM parameter space. Since the pMSSM includes all other models as subsets, it is perhaps not surprising that the model encompasses all other predictions, and then some.
Spin-dependent WIMP-nucleon scattering
The spin-dependent WIMP-nucleon scattering cross section σ SD (χ, p) vs. m χ is shown in Fig. 2 . These scattering reactions take place via Z and squark exchange; again, since squarks are expected heavy, the Z-exchange diagram should dominate. However, the Z-exchange coupling is proportional to (Eq. 8.101 of Ref. [63] )
which depends only on the higgsino components of χ 1 . Thus, models with a mainly higgsinolike LSP tend to yield large SD scattering cross sections. While a variety of underground experiments have developed bounds on σ SD , the best recent bounds come from the IceCube experiment which monitors WIMP annihilation into high energy neutrinos in the solar core. In Figure 2 : Plot of rescaled spin-dependent WIMP detection rate ξσ SD (χ, p) versus m χ from several published results versus current ANTARES and IceCube reach and projected (dashed) LZ, XENON1T, PICO-500 and DARWIN reaches. ξ = 1 for all models but RNS. most cases, the solar annihilation rate reaches equilibration with the solar WIMP capture rate and the latter depends mainly on σ SD . This is because the proton carries spin and there are plenty of protons within the sun to serve as targets for WIMP scattering and capture. The rate is relatively insensitive to σ SI since that rate requires enhancement by the number of nucleons in the nuclei.
The recent Antares search limit is shown by the red contour [64] while the recent IceCube limit is shown by the solid black contour [22] . We see that IceCube rules out about half the WTN region and the upper portion of the yellow NThW region. For m(wino) 2 TeV, σ SD extends down to 10 −46 cm 2 which is well beyond any projected search limits. The IceCube limit barely touches the RNS model region because again RNS includes a depleted local abundance so that there simply may not be enough WIMPs around to become captured by the Sun. We also show projected reaches of LZ [59] , XENON1T [62] , Pico-500 [65] and DARWIN [62] . The projected reach of LZ, shown by the orange dashed contour, will extend the reach for σ SD into the lower mass WIMP range, which is already excluded by the recent SI LUX result, but may not reach much of the projected RNS parameter space. No projections for σ SD vs. m χ 1 were found from the MC or BF collaborations. However, we have generated the 1-TeV higgsino region using Isajet [66] which is denoted with brown shading, assuming that m 1/2 ≤ 5 TeV. This region seems unlikely to be accessible to near future searches for SD scattering but may be probed by Pico-500 and ultimately DARWIN. The pMSSM predictions fill essentially the entire plane shown, so we do not show these here.
Indirect detection of signals from WIMP-WIMP annihilation
In this section, we focus on some recent results from indirect detection of SUSY WIMP dark matter via halo annihilation events χ 1 χ 1 → SM particles. There are a large assortment of final states that can be searches for including,p, e + ,d, γ-line spectra and γ-continuum spectra. In addition, the expected signal rates are highly dependent on the assumed dark matter density distribution. The portrait of theory vs. experiment is usually presented in the thermally averaged cross section times velocity (in the limit as v → 0) σv vs. m χ plane. Here, we select out the χ 1 χ 1 → W + W − → γ continuum limits since most of the SUSY models portrayed have this dominant annihilation channel (the exception being the stau and A funnel annihilation regions from MC and BF collaborations).
The plane plot is shown in Fig. 3 . We plot the recent combined Fermi-LAT+MAGIC limits found from examining continuum gamma ray spectra from the dwarf spheroidal galaxy Segue I [23] . In addition, we plot the updated 10 years/254 hours of HESS search for continuum gamma rays [24] . We also show a projected gamma ray reach of the CTA collaboration assuming 500 hours of observation [67] .
From the plot, we see that the maroon WTN, while being excluded by SI direct detection searches, is still allowed in this IDD channel. The lower blue disjoint region is stau co-annihilation from the BF collaboration while the upper blue region combines expectations from a 1 TeV higgsino LSP (upper half) with the A/H resonance region (lower half). The 1 TeV higgsino-LSP should be testable by CTA [14] even though the related gluino and squark The RNS SUSY regions are suppressed by their ξ 2 factors in that the WIMPs may comprise only a fraction of the galactic dark matter abundance. Thus, their projected region of interest lies for the most part below even the CTA projected reach. The pMSSM projections fill essentially all of the parameter space shown.
Pertaining to NThW dark matter, we note that there have already been some claims in the literature that these candidates are excluded by HESS and Fermi gamma-ray line searches [40, 41] . The reason NThWs are susceptible to such searches is that 1. the wino-wino→ γγ reaction proceeds through a box diagram including wino-W boson exchange and so is quite unsuppressed for wino-like WIMPs and 2. Sommerfeld enhanced (SE) annihilation rates boost the annihilation cross section for higher mass winos. These exclusion claims may be tempered by the more conservative analysis from Ref. [68] which maintains that winos are excluded for m(wino) 0.8 TeV due to searches forps and excluded between 1.8-3.5 TeV due to gamma-ray line searches. Thus, for Ref. [68] , a window of viability remained open for 0.8 TeV < m(wino) < 1.8 TeV.
Our calculations from Isatools [69] generate the expected σv region from a scan over mAMSB models without SE as the yellow-shaded region. We see that the continuum γ-ray search from the new combined Fermi/MAGIC/HESS results exclude this scenario for m(wino) 1 TeV. The dashed yellow line shows the expected SE value [70] of σv which rises to a resonant maximum at m(wino) ∼ 2.4 TeV after which it again falls. Including the Sommerfeld enhancement then seems to exclude wino dark matter via the continuum γ-ray searches over values ranging up the ∼ 3 TeV where the thermally-produced relic density then saturates the measured abundance (so no non-thermal enhancement is needed). Thus, NThW dark matter seems excluded by the new Fermi/MAGIC/HESS continuum γ-ray search results. We do note here that mixed wino-axion dark matter still seems viable [39] . In this case, the IDD rates are suppressed by ξ 2 factors which may range down to ∼ 10 −4 which makes wino-wino halo annihilations rare just due to the paucity of winos compared to axions in the galactic halo.
Summary and conclusions
We summarize with a set of brief conclusions:
• The well-tempered neutralino is solidly excluded by recent XENON100, PandaX and LUX SI direct detection bounds.
• The non-thermal wino which might comprise all dark matter was previously claimed to be excluded based mainly on gamma ray line searches. It now seems also excluded by gamma ray continuum searches by Fermi-LAT/MAGIC combined with recent HESS results. The scenario of wino-like WIMP seems to survive if one postulates that the wino comprises only a fraction of the dark matter [41] with e.g. axions comprising the remainder [39] .
• Predictions from the CMSSM model have been strongly constrained by recent LUX SI DD limits although broad sections of parameter space still survive. These all seem to have m χ 350 GeV. Multi-ton noble liquid detectors will be needed to completely explore the allowed parameter space. This model may already be considered not-so-pausible because the remaining parameter space gives rise to a µ parameter with |µ| m Z : this can be interpreted as a poor prediction of m Z if fine-tuning had not been invoked.
• The RNS models with small µ 300 GeV are natural and predict the existence of a higgsino-like LSP that comprises only a fraction of the dark matter. The predicted parameter space, even accounting for a depleted local abundance, is amenable to searches by ton-scale noble liquid detectors such as XENON, LZ, DarkSide, DEAP and DARWIN. If naturalness in the QCD sector is eschewed so that the axion does not constitute the extra relic abundance, then non-thermal higgsino production must be invoked and the higgsinos would comprise all dark matter with ξ = 1. This case is already severely constrained by SI DD searches.
• If XENON1T does not see a WIMP signal, the remaining parameter space for the CMSSM model (that saturates the measured dark matter abundance) predicts a heavy gluino mass mg 8 TeV which is far above from expectations from a natural SUSY model. This lower limit on gluino mass applies for NUHM2 model with ∼ 1 TeV higgsino-like neutralino as well. RNS models with mg 4 TeV will still survive since the SI detection rate is scaled down by the factor ξ. Furthermore, resonance annihilations such as χ 1 χ 1 → A/H would decrease the local WIMP abundance and push a substantial amount of the RNS region beyond XENON1T reach. Indeed for m A/H 2m χ 1 , Ω TP χ 1 h 2 decreases by a factor of ∼ 30 but fortunately DarkSide-20K and DEAP-50T will eventually explore such regions. We expect additional contributions to the neutralino abundance from axino decays (which increases ξ); then a WIMP detection would be expected sooner.
• If a WIMP signal is seen in the near future, then it will be highly useful to be able to distinguish its properties based on mass and mixing. The case of ascertaining a WIMP mass m χ 350 GeV (RNS) from the CMSSM case of m χ 350 GeV may be possible using mass measurement techniques and signals from different target materials [71] .
• Detection of WIMPs or associated particles (in this case superpartners) at collider experiments will provide crucial information for distinguishing amongst the models considered here.
